The effect of initial granular structural conditions on load transmission patterns was experimentally investigated. Two types of granular structures were prepared by laminating cylindrical model particles of different diameters, to which photoelastic sheets were attached. Two-dimensional, reflective photoelasticity tests were performed under two granular conditions: (1) a uniform structure without initial defects and (2) with initial local imperfections at the bottom of the granular assembly. Two granular assemblies were tested for uniaxial compressive loading and shallow foundation loading conditions. For macroscopic analyses of the load-displacement relationship, the photoelastic response of individual particles was measured to microscopically observe the distribution of the main contact force chains within each granular assembly. Furthermore, the effect of initial local defects on the bearing capacity of granular assemblies was examined by confirming particle movement and the expansion of initial local defects in the granular assembly via particle image velocimetry (PIV). As a result, a completely different form of internal contact force chain was developed from the beginning of loading to the final failure stage, depending upon whether or not initial local instability existed in the granular assembly. In particular, a significant effect on the bearing capacity was found under shallow foundation loading conditions. of macroscopic shear bands [11] [12] [13] [14] [15] [16] [17] . Furthermore, many studies on the effects of contact force chain factors (e.g., the interparticle friction coefficient, loading regime, packing density, contact model, boundary condition, grain shape, etc.) have been conducted [18] [19] [20] .
Introduction
When assessing the bearing capacity of geotechnical foundations, traditional approaches are based on the limit-state equilibrium. This view first assumes a fully plastic state, and then roughly assumes a plastic failure surface. The stress equilibrium is subsequently found on the failure surface and the ultimate strength in a given situation is obtained. Lastly, the pre-failure state is evaluated by considering the factor of safety. However, a controversial question has arisen: does the bearing capacity of soils composed of granular assemblies coincide with the traditional view? Various studies have reported that the bearing capacity behavior of such granular assemblies differs from the traditional view [1] [2] [3] [4] [5] [6] .
Since the introduction of granular physics in the 1990s, which can accommodate the distribution of contact forces for a large number of particles that occur inside a granular assembly, studies have been conducted on contact force networks. Through recent studies on the processes underlying changes in the distribution of contact forces inside granular assemblies, it has been found that chain structures or networks have specific orientations with respect to the external load within the granular assembly. In particular, the contact force is distributed in the direction of the major principal stress [7] [8] [9] [10] . It has also been reported that local buckling in granular assemblies ultimately contributes to the formation
Materials and Methods

Digital Photoelasticity
In order to microscopically study the dynamics of granular assemblies, discrete element simulations, X-ray and CT-based methods, experimental observations of displacement fields using model particles, and photoelastic-based contact force chain confirmation methods can be employed. Among these, the photoelastic technique is an experimental method based on photo-physical properties that exhibit fringe patterns when polarized light passes through a photoelastic material subjected to an external force. This method has attracted much attention in the field of granular physics because it can intuitively visualize stress and strain distributions.
In the past, quasi-assemblies were evaluated qualitatively because it was nearly impossible to evaluate the stress of a granular assemblies composed of thousands of particles using traditional photoelastic theory [22] [23] [24] [25] . More recently, a method for evaluating the stress of such assemblies has been proposed, thereby enabling quantitative analysis [26, 27] . Monochromatic light sources have been popularly used in previous experimental studies [26] [27] [28] , whereas nowadays, using digital images with true color has become prevalent thanks to significant progress in computer vision technology. To use the full-color digital images for the photoelastic analysis of the model soil particles, a new technique using the white light source that is cheaper than the monochromatic light source is indispensable. RGB photoelasticity was firstly introduced by Ajovalasit and Petrucci [29] , which allows the determination of the photoelastic responses, usually using a single acquisition of the isochromatic fringes in white light by a color camera [30] [31] [32] . Park and Jung [21] also proposed a method of RGB photoelastic analysis to quantitatively evaluate the scalar components of the force of reflective photoelastic particles under white light. This method is especially suitable when the fringe order cannot be confirmed or when the contact points are unclear, and allows for the quantitative evaluation of the main force transmission structure to be performed easily and quickly.
Photoelastic Model Particles and Test Program
Photoelastic Model Particles
The granular assembly used in this experiment was composed of cylindrical model particles. As shown in Figure 1 , particles with a diameter of 20 mm and height of 15 mm were made using polycarbonate (PC), and particles with a diameter of 10 mm and height of 15 mm were made using polytetrafluoroethylene (PTFE). Photoelastic sheets (0.5 mm-and 1 mm-thick; PS-1D and PS-1C, Vishay Intertechnology, Inc., Malvern, PA, USA) were cut manually into circles with diameters of 18 mm and 8 mm, respectively, and attached to PC and PTFE model particles using Loctite ® 401 flex gel (Henkel AG & Company, KGaA, Düsseldorf, Germany). The elastic modulus (E) and Poisson's ratio (v) of the photoelastic sheets were 2.5 GPa and 0.38, respectively, and the E and v of the PC and PTFE were 13.5 GPa and 2.25 GPa, and 0.35 and 0.42, respectively. Unfortunately, no photoelastic response was observed for the 20-mm diameter shape throughout the experiment. This may be because enough force to observe the photoelastic response was not transmitted to the bottom layer, which consisted of particles with 20-mm diameters, or perhaps the wrong photoelastic sheet was selected. In this study, only the structural effects of the particles with 20-mm diameters on the particles with 10-mm diameters in the upper part of the laminates could be found. Therefore, this study was limited by the fact that the force applied to the particles with 20-mm diameters (PC particles) could not be analyzed quantitatively. In order to confirm the suitability of the manufactured model particles, the color patterns of the photoelastic sheets were observed by repeatedly loading and unloading the PTFE model particles, to which photoelastic sheets are attached, up to 294 N. Since the color patterns showed consistency at the same loading level during the loading and unloading process, it was determined that the model particles were suitable for repeated use and for maintaining elasticity within the applied load level.
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Experimental Setup and Test Program
The purpose of this study was to investigate the effect of initial granular structure on the load transmission structure. To this end, two granular assemblies, the first with a uniform structure and no initial defects and the second with local and structural imperfections in the lower part of the assembly were prepared. Figure 4a shows the uniform structure condition in which particles with 10-mm diameters were stacked. The granular assembly, which consisted only of the aforementioned particles stacked on a smooth bottom, formed a typical cubic tetrahedral packing with a coordination number of 8. As shown in Figure 4b , particles with 20-mm diameters were first layered on the bottom of the frame, onto which particles with 10-mm diameters were stacked. The 10-mm diameter particle layer, which was bounded by the 20-mm diameter particle layer, was in a relatively unstable state during initial stacking. Therefore, this granular assembly could be regarded as a two-layer structure with local defects. 3a). Approximately 3,000 particles were stacked to a height of 380 mm. As shown in Figure 3 (b), white light that passed through the polarized plate was reflected by the photoelastic sheet on the surface of the particle and an image was obtained using a camera for digital RGB analysis. A detailed description of the reflective polariscopes was provided by Byeon and Jung [33] . Photoelastic images were obtained using a Canon EOS-650D camera equipped with an EF-S 55-250 mm/4-5.6 IS II lens (Canon, Inc., Japan). The focal length was 55 mm, and the resolution of the image was 300 pixels per inch (PPI), which is high enough to capture a photoelastic response. The purpose of this study was to investigate the effect of initial granular structure on the load transmission structure. To this end, two granular assemblies, the first with a uniform structure and no initial defects and the second with local and structural imperfections in the lower part of the assembly were prepared. Figure 4 (a) shows the uniform structure condition in which particles with 10-mm diameters were stacked. The granular assembly, which consisted only of the aforementioned particles stacked on a smooth bottom, formed a typical cubic tetrahedral packing with a coordination number of 8. As shown in Figure 4 (b), particles with 20-mm diameters were first layered on the bottom of the frame, onto which particles with 10-mm diameters were stacked. The 10-mm diameter particle layer, which was bounded by the 20-mm diameter particle layer, was in a relatively unstable state during initial stacking. Therefore, this granular assembly could be regarded as a two-layer structure with local defects. Two initial particle assembly cases were tested under two loading conditions: uniaxial compression and shallow foundation loading. As shown in Figure 4 , the axial displacement of the loading device could be controlled using gears. The load, which was applied through a loading plate, and the axial displacement of the loading plate could be precisely measured by installing a Linear Variable Differential Transformer (LVDT) on the load cell at the loading bar and on the upper part of the loading plate. Load cell and LVDT data were obtained through a data logger at 0.1-second intervals. During the loading test, the rate of axial displacement of the loading plate was controlled to 0.07 mm/sec.
In order to simulate shallow foundation loading, a 10-cm-wide model foundation plate, which was connected to the loading device, was installed at the top of the granular assembly during shallow foundation experiments. To simulate overburden pressure, which may affect the bearing capacity of a shallow foundation, metal plates with certain weights were manufactured and placed on the right and left sides of the model foundation plate, as shown in Figure 4 (b). The pressure applied by the pair of metal plates to the upper surface of the granular assembly was approximately 10 kN/m 2 ; the pairs of plates was used during experimentation. Two initial particle assembly cases were tested under two loading conditions: uniaxial compression and shallow foundation loading. As shown in Figure 4 , the axial displacement of the loading device could be controlled using gears. The load, which was applied through a loading plate, and the axial displacement of the loading plate could be precisely measured by installing a Linear Variable Differential Transformer (LVDT) on the load cell at the loading bar and on the upper part of the loading plate. Load cell and LVDT data were obtained through a data logger at 0.1-second intervals. During the loading test, the rate of axial displacement of the loading plate was controlled to 0.07 mm/sec.
In order to simulate shallow foundation loading, a 10-cm-wide model foundation plate, which was connected to the loading device, was installed at the top of the granular assembly during shallow foundation experiments. To simulate overburden pressure, which may affect the bearing capacity of a shallow foundation, metal plates with certain weights were manufactured and placed on the right and left sides of the model foundation plate, as shown in Figure 4b . The pressure applied by the pair of metal plates to the upper surface of the granular assembly was approximately 10 kN/m 2 ; the pairs of plates was used during experimentation.
The experimental conditions are summarized in Table 1 . Test ID in Table 1 is expressed as a combination of two letters representing the loading condition (uniaxial (U) or shallow (S)) and the packing condition (uniform structure without imperfections (U) or a structure with imperfections (I)). The experiment was repeated 2-3 times for each case. During the experiment, digital images were captured through the front acrylic walls, and subsequently used for digital RGB photoelastic analysis. The force in the granular assembly was transmitted from particle to particle by contact. The photoelastic test was used to identify the path of force transmission within the granular assembly that changed during the test. Figure 5 shows a typical photoelastic image, which can be used to visually identify the main force transmission pathway. In addition to qualitative evaluations, image analysis was performed using the method developed by Park and Jung [21] to quantitatively evaluate the contact force chain in the granular assembly. However, there remains some disagreement as to which particle should be used as the main contact force chain [26, 34, 35] . In this study, and according to the findings of Park and Jung [21] , particles that had a force greater than 100 N were considered to be the main contact force chains, which agreed well with visual observations. Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 20
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Results and Discussion
Effect of Initial Granular Assembly Conditions on the Structure of the Contact Force Chain
Figure 6(a) shows the macroscopic load-displacement curves for all uniaxial loading tests under the condition in which lateral displacement was constrained. The load was measured by the load cell connected to the loading rod, and the displacement was measured by the LVDT connected to the top of the loading plate. As shown in Figure 6 (a), the stiffness of the uniaxial compression test increased regardless of the initial granular conditions (e.g., the behavior of typical granular materials).
Although the values differed slightly for each experiment, the difference among them was insignificant. In the case of UU (uniaxial loading of a uniform structure) and UI (uniaxial loading of an imperfect structure), failure did not occur during the vertical loading up to 4000 N. Figure 6a shows the macroscopic load-displacement curves for all uniaxial loading tests under the condition in which lateral displacement was constrained. The load was measured by the load cell connected to the loading rod, and the displacement was measured by the LVDT connected to the top of the loading plate. As shown in Figure 6a , the stiffness of the uniaxial compression test increased regardless of the initial granular conditions (e.g., the behavior of typical granular materials). Although the values differed slightly for each experiment, the difference among them was insignificant. In the case of UU (uniaxial loading of a uniform structure) and UI (uniaxial loading of an imperfect structure), failure did not occur during the vertical loading up to 4000 N. Figure 6b Interestingly, although there was no significant difference in the macroscopic load-displacement curves of the UU and UI conditions shown in Figure 6 , the distribution of the internal contact force chain structure of the granular assembly in the photoelastic images was markedly different. Figures  7 and 8 show that the chain structures measured from the photoelastic response in UU and UI changed with the load level. As shown in Figure 7 , in the case of UU, where there were no initial defects, contact force chains were formed in the left and right diagonal directions according to the Interestingly, although there was no significant difference in the macroscopic load-displacement curves of the UU and UI conditions shown in Figure 6 , the distribution of the internal contact force chain structure of the granular assembly in the photoelastic images was markedly different. Figures 7  and 8 show that the chain structures measured from the photoelastic response in UU and UI changed with the load level. As shown in Figure 7 , in the case of UU, where there were no initial defects, contact force chains were formed in the left and right diagonal directions according to the particle arrangement when a load was applied (Figure 7b,c) . Subsequently, as the load increased, the number of linear contact force chain structures, which were developed diagonally around the upper part of the granular assembly, increased. Simultaneously, a horizontal chain structure gradually occurred gradually near the upper plate (Figure 7d,e ). When the load reached 4000 N, it can be seen that the force was distributed evenly inside of the granular assembly (Figure 7f ). It is worth noting that one can find the great similarity between the pattern of the distribution of the contact force chains shown in Figure 7 and the experimental data of Dantu [23] showing the transmission of contact forces along the lines inclined at 60 degrees relative to each other in the assembly consisting of the equal cylinders.
Results and Discussion
Effect of Initial Granular Assembly Conditions on the Structure of the Contact Force Chain
In the case of a granular assembly where initial local structural defects existed, as shown in Figure 8 , when a uniaxial compressive load was applied (UI), the support behavior was significantly different from that of a granular assembly where there were no structural defects (UU, Figure 7 ). It can be seen that the contact force chain structure was aligned with the main stress direction (i.e., the vertical direction), and not diagonally. This result is consistent with previous findings by other researchers [7] [8] [9] [10] 36] . However, it is worth noting that in this study, the contact chain structure was clearly arranged in the direction of major principal stress only when there was an initial structural defect. Afterward, as the load increased, the number of vertical contact force chains increased, and the photoelastic reaction simultaneously become brighter. At load levels of ≥2000 N, it was observed that contact force chains began to form near the foundation plate in the diagonal direction, as well as the vertical direction. However, the number of diagonally developed contact force chains was much lower than that shown in Figure 7 (i.e., under UU conditions). Figure 9 shows the results of quantitative detection of the particle force in the photoelastic images of UU and UI using digital RGB photoelastic analysis. Figure 9a ,b show the average particle force and the sum of the force that the particles receive for the detected overall granular assembly, as the load increased. As is shown, the UU and UI results were similar, regardless of the presence of local defects in the granular assembly. Figure 9c shows the average force of the particles that were classified as the main force chain, and the results indicate that the UI received a larger average particle force than the UU condition for the same load. In the case of UU, this can be interpreted to mean that all of the particles shared the external load evenly, while in the case of the UI, only specific structures (i.e., vertically arranged structures) share the load. Figure 9d shows the frequency of particles that were classified as the main force chain. At low load levels (< 2000 N), the particle frequency in the UU that was classified as the main force chain was greater than that in the UI, while at high load levels (> 2000 N), the particle frequency in the UI that was classified as the main force chain was higher than that in the UU. Figure 9e shows the sum of the forces of the particles that were classified as the main force chains. Initially, the main force chain of the UU structure seemed to support the external load better than the main force chain of the UI structure. However, as the load increased, the main force chain of the UI structure showed better support of the external load than the main force chain of the UU structure. Figure 10 shows the load-displacement curves obtained by applying a shallow foundation load to the two granular assemblies. Unlike the uniaxial compressive load condition shown in Figure 8 , a very irregular load-displacement relationship was observed when a shallow foundation load was applied. Figure 10c shows selected data for comparing photoelastic responses. In the initial part of the load-displacement curve, there was a pattern of increasing stiffness under all granular conditions with or without initial defects, but then the load rapidly decreased as the first peak occurred. Afterward, the second peak was observed; a new peak occurred at a lower load than the first peak value, and the load decreased rapidly. The maximum peak load was 649.6 N for SU and 441.0 N for SI, which indicates that the value for SI was~68% of that for SU. In particular, in the case of the SI (Figure 10c ), the load tends to increase after relatively brief decrease at a stage marked by (d) in Figure 10c . This phenomenon can be explained by incipient failure, which has previously been noted by Tordesillas et al. [37] . According to Tordesillas et al. [37] , the final bearing capacity is determined by the incipient failure. In particular, it has been confirmed that incipient failure is caused by local buckling of the contact force chain structure inside the granular assembly.
Effect of Initial Granular Assembly Conditions on the Bearing Capacities of Shallow Foundations
UI, while at high load levels (> 2000 N), the particle frequency in the UI that was classified as the main force chain was higher than that in the UU. Figure 9 (e) shows the sum of the forces of the particles that were classified as the main force chains. Initially, the main force chain of the UU structure seemed to support the external load better than the main force chain of the UI structure. However, as the load increased, the main force chain of the UI structure showed better support of the external load than the main force chain of the UU structure. (c) (d) (e) Figure 9 . Changes in particle forces during load tests: (a) average particle force in the overall assembly; (b) sum of the particle force in the overall assembly; (c) average particle force in the main contact force chains; (d) frequency of the particles in the main contact force chains; (e) sum of the particle force in the main contact force chains. Figure 10 shows the load-displacement curves obtained by applying a shallow foundation load to the two granular assemblies. Unlike the uniaxial compressive load condition shown in Figure 8 , a very irregular load-displacement relationship was observed when a shallow foundation load was applied. Figure 10 (c) shows selected data for comparing photoelastic responses. In the initial part of the load-displacement curve, there was a pattern of increasing stiffness under all granular conditions with or without initial defects, but then the load rapidly decreased as the first peak occurred. Afterward, the second peak was observed; a new peak occurred at a lower load than the first peak value, and the load decreased rapidly. The maximum peak load was 649.6 N for SU and 441.0 N for SI, which indicates that the value for SI was ~68% of that for SU. In particular, in the case of the SI (Figure 10c ), the load tends to increase after relatively brief decreases and a step (Figure 10d ). This phenomenon can be explained by incipient failure, which has previously been noted by Tordesillas et al. [37] . According to Tordesillas et al. [37] , the final bearing capacity is determined by the incipient failure. In particular, it has been confirmed that incipient failure is caused by local buckling of the contact force chain structure inside the granular assembly. Figure 9 . Changes in particle forces during load tests: (a) average particle force in the overall assembly; (b) sum of the particle force in the overall assembly; (c) average particle force in the main contact force chains; (d) frequency of the particles in the main contact force chains; (e) sum of the particle force in the main contact force chains. Figure 11 shows the change in work, which was obtained by integrating the load-displacement curve shown in Figure 10c . In the case of SU, more work was involved than for SI and more energy was accumulated. As with the load-displacement curve, the work increased rapidly at the beginning of loading, but the rate of work decreased significantly after the first peak occurred. This may be because the accumulation of elastic energy due to the buckling of the contact force chain at the time of the first peak was different from the accumulation before the peak occurred. The final work of the SU and SI conditions were 2000 N ·mm and 1700 N · mm, respectively, which indicates that SI can only store~80% of the energy as SU. This disparity may be due to the differences in the load transmission processes that occur in SU and SI. Each step observed during photoelastic analyses is shown in Figures 10c and 11 . Figure 11 shows the change in work, which was obtained by integrating the load-displacement curve shown in Figure 10 (c). In the case of SU, more work was involved than for SI and more energy was accumulated. As with the load-displacement curve, the work increased rapidly at the beginning of loading, but the rate of work decreased significantly after the first peak occurred. This may be because the accumulation of elastic energy due to the buckling of the contact force chain at the time of the first peak was different from the accumulation before the peak occurred. The final work of the SU and SI conditions were 2000 N ⋅mm and 1700 N ⋅ mm, respectively, which indicates that SI can only store ~80% of the energy as SU. This disparity may be due to the differences in the load transmission processes that occur in SU and SI. Each step observed during photoelastic analyses is shown in Figure 10 (c) and Figure 11 . Figure 11 shows the change in work, which was obtained by integrating the load-displacement curve shown in Figure 10 (c). In the case of SU, more work was involved than for SI and more energy was accumulated. As with the load-displacement curve, the work increased rapidly at the beginning of loading, but the rate of work decreased significantly after the first peak occurred. This may be because the accumulation of elastic energy due to the buckling of the contact force chain at the time of the first peak was different from the accumulation before the peak occurred. The final work of the SU and SI conditions were 2000 N ⋅mm and 1700 N ⋅ mm, respectively, which indicates that SI can only store ~80% of the energy as SU. This disparity may be due to the differences in the load transmission processes that occur in SU and SI. Each step observed during photoelastic analyses is shown in Figure 10 (c) and Figure 11 . In addition to the aforementioned macroscopic observations, image analysis was also performed for shallow foundation loading to compare the load support patterns and supportive loads according to the presence of imperfections. Figures 12 and 13 show the results obtained by analyzing the images recorded during the loading tests for SU and SI. In the case of shallow foundation loading, as well as uniaxial loading, it can be seen that the load transmission structure of the granular assembly varied significantly depending upon the presence of imperfections. The formation and collapse of the contact force chain structures shown in Figures 12 and 13 tend to follow the load-displacement curves shown in Figure 10c .
for shallow foundation loading to compare the load support patterns and supportive loads according to the presence of imperfections. Figures 12 and 13 show the results obtained by analyzing the images recorded during the loading tests for SU and SI. In the case of shallow foundation loading, as well as uniaxial loading, it can be seen that the load transmission structure of the granular assembly varied significantly depending upon the presence of imperfections. The formation and collapse of the contact force chain structures shown in Figures 12 and 13 tend to follow the load-displacement curves shown in Figure 10c ). In the case of SU (shown in Figure 12 ), wherein there was no initial defect, when loading began, contact force chains began to be formed diagonally at both ends of the foundation plate, showing good agreement with Dantu [23] . In particular, the similarity is that the force chains generated at an angle of 60 degrees depending on the stacked tetrahedral structure. Afterward, the most obvious contact force transmission structure was observed (Figure 12d ). It can be seen that the number of particles corresponding to the main force chain gradually decreased with decreasing load. Additionally, after the step shown in Figure 12e , the particle arrangement shifted to the left side of the foundation surface, which caused the void between particles to increase and dilatancy to occur. Meanwhile, on the right side, a distinct contact force chain was observed. In the final stage of loading (Figure 12h ), all contact force chains disappeared, and wedge-shaped failure surfaces were observed at the bottom. In the case of SU (shown in Figure 12 ), wherein there was no initial defect, when loading began, contact force chains began to be formed diagonally at both ends of the foundation plate, showing good agreement with Dantu [23] . In particular, the similarity is that the force chains generated at an angle of 60 degrees depending on the stacked tetrahedral structure. Afterward, the most obvious contact force transmission structure was observed (Figure 12d ). It can be seen that the number of particles corresponding to the main force chain gradually decreased with decreasing load. Additionally, after the step shown in Figure 12 (e), the particle arrangement shifted to the left side of the foundation surface, which caused the void between particles to increase and dilatancy to occur. Meanwhile, on the right side, a distinct contact force chain was observed. In the final stage of loading With shallow foundation loading, the wedge-shaped final failure geometry was similar to the results obtained using the basic limit equilibrium that is used conventionally. Nevertheless, in the case of SI, wherein local imperfections existed in the lower part of the granular assembly (Figure 13 ), the main contact force transmission structure formed in the vertical direction, as in the case of uniaxial loading. Thereafter, as loading progressed, the number of particles corresponding to the main force chain increased and formed in a direction perpendicular to the loading surface, as in uniaxial loading. Additionally, it was confirmed that the region where the main force chain occurred was the size of the width of the foundation and failed. As in the case of SU, dilatancy was observed near the end of the foundation width in the final loading step shown in Figure 13f . However, micromechanical studies have shown that the instability of a loaded granular assembly is due to the buckling of contact force chain structures formed with the assembly [16, 38] .
Tordesillas and Muthuswamy [38] applied loads to an initial connection state of an ideal particle and a state wherein instability was applied to the contact force chain structure by arbitrarily generating a 2º buckling angle. Furthermore, the force generated during the elastic-plastic buckling behavior was confirmed by the equation and results of their DEM. This result, combined with those of a more recent study by Tordesillas et al. [37] , suggest that particle rotation can cause the buckling of contact force chain and incipient failure of the entire load-displacement curve, thus affecting the final bearing capacity. Table 2 summarizes the quantitative results of the particle force detection in photoelastic images of SU and SI using digital RGB photoelastic analysis. In the case of SU, the maximum support load measured by the load cell was 649.6 N. As a result of image analysis, it was found that the average particle force in the entire granular assembly also increased up to 40 N. In the case of SI, the maximum support load measured by the load cell was 441.0 N. It was found that the average particle force in the entire granular assembly was also the maximum (34 N). Additionally, the tendency of the total force calculated from each particle exhibited the maximum values in images (d) and (f) in the cases of SU and SI, respectively, and this tendency agreed well with the results of load cell measurements. The frequency of the particles that were classified as the main force chain and the sum of the forces of the particles also agreed well with the variation in load. Under shallow foundation loading, when imperfections existed, the peak load reduction rate measured by the load cell was~75% (compared to the uniform structure), and the peak load reduction rate obtained from the image analysis was estimated to~82% (in terms of the total force). Interestingly, this result was very similar to the calculations theoretically described by Tordesillas and Muthuswamy [38] , who found that the load transmission of a granular assembly was reduced by~18% when there was an instability, as compared with no instability.
Unlike uniaxial loading, shallow foundation loading allows the rearrangement (particularly rotation) of particles to occur more freely because the upper part of the assembly is not completely constrained. If local imperfections exist rather than homogeneous granular conditions, the granular assembly becomes unstable, and this can cause the particles to rotate actively, even under small loads. It is believed that the rotation of particles may have caused buckling of the contact force chain structure and more active dilatancy of the granular material in this study. As a result, it seems that the initial conditions of the granular assembly (compared to uniaxial compressive loading) have a greater effect on the bearing capacity of shallow foundation loading.
Evolution of Structural Imperfections under Shallow Foundation Loading
In order to observe the evolution of local imperfections in the lower part of granular assemblies during testing for SI, a general digital image was recorded with an additional camera without a photoelastic filter. Figure 14 shows an image of the lower part of the granular assembly captured by the additional camera. As can be seen in the image, even during the initial state of loading, the arrangement of particles was uneven in the lower part of the assembly, and the number of contact points of some particles decreased with a large void. Although it is difficult to observe large changes in the void until the step shown in Figure 14b , the particle arrangement suddenly collapsed in the step shown Figure 14c after the first peak of the load-displacement curve, which caused the void to gradually expand into the center of the assembly. Finally, in Figure 14d , it can be seen that the void expanded into a zigzag pattern to form a final failure surface.
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In order to observe the evolution of local imperfections in the lower part of granular assemblies during testing for SI, a general digital image was recorded with an additional camera without a photoelastic filter. Figure 14 shows an image of the lower part of the granular assembly captured by the additional camera. As can be seen in the image, even during the initial state of loading, the arrangement of particles was uneven in the lower part of the assembly, and the number of contact points of some particles decreased with a large void. Although it is difficult to observe large changes in the void until the step shown in Figure 14 (b), the particle arrangement suddenly collapsed in the step shown Figure 14 In order to confirm particle movement and the expansion of imperfections, PIV was used [39, 40] . The PIV analysis was performed for the same load and displacement stages as shown in Figure 13 , and Figure 15 shows the four incremental displacement vectors as a result of PIV analysis together with contact force chains. However, the value was removed for the area affected by the reflection of light. The size of the vector shown in Figure 15 was enlarged to aid in the visual identification of the amount and direction of particle movement. The magnitude of the reference vector in Figure 15 (a-c) shows that the particles actually moved by only two pixels. In the case of Figure 15(d) , the particle movement is much larger, and thus the size of the vectors was expressed at 1/2 the size of those in Figure 15 (a-c). (Figure 13g ). In order to confirm particle movement and the expansion of imperfections, PIV was used [39, 40] . The PIV analysis was performed for the same load and displacement stages as shown in Figure 13 , and Figure 15 shows the four incremental displacement vectors as a result of PIV analysis together with contact force chains. However, the value was removed for the area affected by the reflection of light. The size of the vector shown in Figure 15 was enlarged to aid in the visual identification of the amount and direction of particle movement. The magnitude of the reference vector in Figure 15a -c shows that the particles actually moved by only two pixels. In the case of Figure 15d , the particle movement is much larger, and thus the size of the vectors was expressed at 1/2 the size of those in Figure 15a -c.
The PIV analysis was performed for the same load and displacement stages as shown in Figure 13 , and Figure 15 shows the four incremental displacement vectors as a result of PIV analysis together with contact force chains. However, the value was removed for the area affected by the reflection of light. The size of the vector shown in Figure 15 was enlarged to aid in the visual identification of the amount and direction of particle movement. The magnitude of the reference vector in Figure 15 (a-c) shows that the particles actually moved by only two pixels. In the case of Figure 15(d) , the particle movement is much larger, and thus the size of the vectors was expressed at 1/2 the size of those in Figure 15 (a-c). As shown in Figure 15 (a), movement of particles in the upper part of the granular assembly was active during the early stage of loading. This is the process by which external loads on the foundation are transmitted to the particle assembly. Figures 15(b,c) show that as the load increased, particle movement propagated throughout the interior of the assembly. Interestingly, the movement of particles first occurred in the counterclockwise direction on the right side of the initial defects, and then proceeded in a clockwise direction on the left side of the initial defects. Through this process, the initial defects existing in the lower part of the granular assembly were expanded throughout the entire assembly. As seen in Figure 15(d) , the active movement of particles occurred around the zigzag-shaped failure plane observed in Figure 14(d) . Therefore, it was confirmed that the local As shown in Figure 15a , movement of particles in the upper part of the granular assembly was active during the early stage of loading. This is the process by which external loads on the foundation are transmitted to the particle assembly. Figure 15b ,c show that as the load increased, particle movement propagated throughout the interior of the assembly. Interestingly, the movement of particles first occurred in the counterclockwise direction on the right side of the initial defects, and then proceeded in a clockwise direction on the left side of the initial defects. Through this process, the initial defects existing in the lower part of the granular assembly were expanded throughout the entire assembly. As seen in Figure 15d , the active movement of particles occurred around the zigzag-shaped failure plane observed in Figure 14d . Therefore, it was confirmed that the local substructural defects inside the assembly expanded throughout the granular assembly during loading and the contact chains of the particles buckled which resorts to failure.
Conclusions
In this study, the effect of initial granular structural defects on the support behavior of granular assemblies was confirmed through photoelastic model testing when assemblies, which were stacked with model particles, were subjected to uniaxial compressive or shallow foundation loading. The macroscopic analysis of the load-displacement relationship and the microscopic observation of the force transmission path inside the granular assemblies revealed that when the granular assembly was subjected to uniaxial compressive loading, there was no significant difference in the macroscopic load-displacement curve, regardless of the initial structural defects of the assembly. However, the distribution of the internal granular contact force chain structure in the photoelastic image was found to differ completely. In the case of homogeneous granular assemblies, contact force chains formed diagonally under loading, and the structure gradually expanded. However, in granular assemblies with initial structural defects, contact chains formed in the direction of the major principal stress, and the main force transmission structure was maintained and expanded until the end of the loading process. As a result of quantitative analysis of the photoelastic images, in the case of the granular assembly without initial defects, the particles were distributed evenly to support the external load, while in the case of the assembly with defects, only specific structures (i.e., vertically arranged structures) were found to share the load.
When the granular assembly was subjected to a shallow foundation loading, a large difference was found in the macroscopic load-displacement curve depending upon the presence of initial structural defects. The maximum peak load of the granular assembly with initial defects was approximately 68% of the maximum peak load of the assembly without defects. The structures of the internal contact force chains in the photoelastic images were also found to differ substantially between the two assemblies. In the case of the granular assembly without initial defects, contact chains that spread diagonally at both ends of the foundation were observed, while in the case of the assembly with initial defects, it was confirmed that the contact force chain structure had a foundational width and was formed in the vertical direction (i.e., the major principal stress direction), as in the uniaxial compressive load.
The expansion of local imperfections in the lower part of granular assemblies was observed when shallow foundation loading was applied by using PIV. From the initial state before loading, irregular voids in the lower part of the assembly expanded toward the central part of the assembly along with the load. Expanded zigzag-shaped voids broke the contact force chains of the particles. Likewise, according to the presence of an initial local instability with the granular assembly, a completely different type of contact force chain structure developed from the initial loading stage to the final failure stage. In particular, it was confirmed that the presence of imperfections greatly affected the bearing capacity during shallow foundation loading and buckling of the contact force chain structure due to particle rearrangement and rotation was found to occur more frequently. As a result, it appears that the behavior of the granular assembly (under uniaxial compressive loading) is significantly affected by the initial structural conditions of the assembly. However, since this experiment was performed under very limited conditions, it is necessary to verify the various cases and generalize the conclusions with respect the effect of initial defects on granular support behavior. 
